Introduction
Stabilized and tunable optical output are very necessary for fiber ring lasers applied to wavelength-division multiplexing ͑WDM͒ for communications and optical sensor systems. In general, a fiber Fabry-Perot ͑FFP͒ filter can provide wavelength tuning inside the ring cavity of the fiber ring laser. Because of the bandwidth limitation of erbiumdoped fiber amplifiers ͑EDFAs͒, the operation region of erbium-doped fiber ͑EDF͒ ring lasers extends only from C to L band ͑1530 to 1610 nm͒ 1, 2 and thus must be supplemented with the proposed S-band fiber ring laser. 3 Actually, the wideband ring laser must use a long length of EDF even to approach C-plus L-band operation. 1 However, that is insufficient to stabilize the lasing wavelength and power of a fiber ring laser. Recently, several remedial techniques, such as integrating two cascaded FFP filters of widely different free spectral ranges ͑FSRs͒ into a cavity, 4,5 using a compound ring resonator composed of a dual-coupler fiber ring and a tunable band pass filter, 2 adding an extra ITUgrid periodic filter in the optical loop, 6 and employing an integral saturable-absorber-based tracking narrowband filter, 7 have been reported experimentally. In this study, to provide a stable single-frequency fiber ring laser covering both C and L bands, we propose and experimentally demonstrate a stable and tunable singlefrequency fiber laser using a hybrid two-stage amplifier module, which consists of a semiconductor optical amplifier ͑SOA͒ and an EDFA, together with a Fabry-Perot laser diode ͑FPLD͒ and an FFP filter. The effective operation range of the proposed laser is 1541.52 to 1593.04 nm with a tuning step of 1.12 nm. We also report good output power and wavelength stability, tuning range, and side-mode suppression ratio ͑SMSR͒.
Experiments
The experimental setup of the proposed C-plus L-band fiber ring laser for single-frequency and wavelength-tuning operation is illustrated in Fig. 1 . This apparatus comprises a hybrid two-stage amplifier module, a 1 ϫ 2 and 90: 10 optical coupler ͑C͒, an FFP filter, an optical circulator ͑OC͒, and an FPLD. In the hybrid amplifier, the first ͑SOA͒ stage has 250-mW bias current and the second ͑EDFA͒ stage was composed of a high-concentration 18-m-long EDF ͑High Wave 742͒, a 1550-to 980-nm WDM coupler ͑W͒, an optical isolator, and a 980-nm pump laser, as shown in Fig. 1 . In the proposed structure, we only employ an SOA and a short length of EDF to achieve an operation range of 1540 to 1620 nm. For this reason, the effective gain region will be shifted from shorter to longer wavelengths by this proposed configuration. 8 Actually, the optical output of the SOA can be used to pump the second stage ͑EDFA module͒ for extending the bandwidth from C to L band. The central wavelength of the FPLD is 1560.56 nm with 1.12-nm mode spacing, when the bias current is set at 15 mA. The FFP filter is an all-fiber device having a wide tuning range, a low insertion loss ͑Ͻ0.5 dB͒, and a polarization-dependent loss ͑PDL͒ of ϳ0.1 dB. The FFP filter, having a free spectral range ͑FSR͒ of 80 nm and a finesse of 200, can be used to provide wavelength selection in the ring laser cavity by applying an external voltage ͑0 to 12 V͒ on the piezoelectric transducer ͑PZT͒ of the filter. Moreover, the FPLD is also used inside the ring cavity in the proposed fiber ring laser for wavelength filtering and lasing, as shown in Fig. 1 .
In addition, an optical spectrum analyzer ͑OSA͒ with 0.05-nm resolution and a power meter ͑PM͒ are used to measure the output spectra and powers for this proposed laser at the output port, as shown in Fig. 1 .
To provide stable single-frequency operation, the central wavelength of the FFP filter passband is tuned to align the longitudinal-mode FPLD for wavelength lasing and tuning. Therefore, the 1.12-nm tuning step is determined by the longitudinal-mode spacing of the FPLD. In this way, the side modes of the FPLD are suppressed and the optical output amplified. In contrast with conventional fiber ring laser operation, [1] [2] [3] 9 the FPLD and the optical circulator are removed, but a polarization controller ͑PC͒ is placed in the ring cavity in order to control the polarization state and maintain the output wavelength and power stabilization.
Results and Discussions
This proposed ring laser could provide a stabilized singlefrequency output. Figure 2 shows the amplified spontaneous emission ͑ASE͒ spectra of the first ͑SOA͒ stage, second ͑EDFA͒ stage, and hybrid amplifier when the EDFA and SOA were operated at 100-mW pump power and 250-mA bias current, respectively. In addition, when a hybrid amplifier is used, the medium gain could be enhanced to extend to longer wavelengths. In Fig. 2 , an 70-nm ASE bandwidth of 1545 to 1615 nm can be observed, and −23.1-dBm maximum peak power occurs at 1556 nm. Actually, the multiwavelength output of FPLD was distributed at C band, and the central wavelength was 1560.56 nm. Due to the limitation of the output spectrum of the FPLD and the ASE spectrum of the S-band EDFA used, the effective operation range will be limited approximately to 1540 to 1590 nm. Figure 3 shows the output power and the SMSR versus the lasing wavelength in the tunable range with 1.12-nm tuning step, while different external voltages ͑0 to 12 V͒ were applied to the PZT of the FFP filter, over the wavelength range 1541.52 to 1593.04 nm. Figure 3 shows the maximum output power of 4.9 dBm at around 1569.52 nm. The power will drop to 2.6 and 0.4 dBm at 1557.36 and 1587.44 nm, respectively. Moreover, the SMSR of Ͼ29.8 dB at 0.05 nm and the output power of Ͼ1.4 dBm can be achieved while the proposed laser is tuned from 1551.60 to 1582.96 nm. At a lasing wavelength of 1527.68 nm, the SMSR is up to 44.9 dB at 0.05 nm. As a result, the SMSR of Ͼ29.8 dB at 0.05 nm and the output power of Ͼ1.4 dBm can be achieved while this ring laser is tuned from 1551.60 to 1582.96 nm in steps of 1.12 nm.
To investigate the power and wavelength stability, the short-term stability of the proposed structure was measured. The lasing wavelength is 1571.76 nm initially, and the observation time is more than 900 s. In Fig. 4 , the power fluctuation for the proposed configuration is less than 0.02 dB. Simultaneously, the proposed ring laser can dramatically reduce the wavelength variation to zero. Due to the limitation of the resolution of the OSA, the linewidth of the output signal cannot be measured by an OSA. However, we can determine the output type ͑multimode or single mode͒ by the self-homodyne method. During a 2-h observation, the stabilized output of the proposed ring laser was still maintained. The threshold current of the FPLD was 11 mA, and its bias current can be adjusted between 11 and 20 mA for wavelength tuning. When the bias current is greater than 20 mA, the side mode of the ring laser cannot be suppressed, due to the gain saturation of the FPLD. External injection into the FPLD can lock the mode for stabilized single-frequency output. Compared with a conventional fiber ring laser, [1] [2] [3] 9 this laser has more stable output. However, the performance of this ring laser is limited by the gain of the EDF and bandwidth of the FPLD.
Conclusion
A stabilized and tunable single-frequency fiber ring laser using a Fabry-Perot laser diode ͑FPLD͒ and a fiber FabryPerot ͑FFP͒ filter inside the ring cavity has been proposed and experimentally demonstrated. Due to the bandwidth limitation of the FPLD, the effective operation range of the proposed laser is from 1541.52 to 1593.04 nm in steps of 1.12 nm. The maximum output power of 4.9 dBm and sidemode suppression ratio ͑SMSR͒ of 44.9 dB at 0.05 nm for the laser are reached at 1569.52 and 1567.28 nm, respectively. In addition, an SMSR of Ͼ29.8 dB at 0.05 nm and an output power of Ͼ1.4 dBm can be achieved while this ring laser is tuned from 1551.60 to 1582.96 nm. Output wavelength variation of zero and output power fluctuation of ഛ0.02 dB have also been obtained. Therefore, this proposed stabilization technique is expected to qualify the stabilized fiber ring laser for applications to WDM network and fiber sensor systems. Optical Engineering
